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CAUSTIC EXTRACTION OF ALUMINA AND SODA FROM DAWSONITE·BEARING OIL SHALE 

By Gene Asai, I J. E. Mauser, I R. L. Lincaln t

2 and Jack L, Henry 3 

ABSTRACT 

The Bureau of Mines investigated the caustic extraction of alumina and 
soda from retorted dawsonite-bearing oil shale, as part of a program to 
devise technology for treating alternative domestic sources of alumina 
for the production of aluminum metal. Colorado oil shale yielding 13 
pct oil (35 gal/ton) and containing 12 wt-pct dawsonite (representing 
about 4 pct extractable alumina) was retorted to obtain oil-free (spent) 
shale. Spent shale was leached with dilute NaOH to determine the effect 
of particle size, retorting temperature, leaching variables, and stor­
age conditions on extraction of alumina and soda and dissolution of 
impurities. 

Maximum alumina and soda extractions were obtained by promptly leach­
ing minus 28-mesh spent shale, obtained by retorting raw shale at about 
500° C, with 0.5N NaOH. Under these conditions, dissolution of impur­
ities such as Ca, Fe, Ti, and P was low" Leaching tests were made on 
spent shale stored for periods of up to 30 days at 0° to 42° C and at 0 
to 100 pct relative humidity (RH). These tests indicated that signifi­
cant reductions in alumina extraction would occur if spent shale were 
stored in ambient Colorado air under naturally fluctuating temperature 
and humidi ty. 

1Metallurgist. 
2Research physicist. 
3supervisory research chemist. 

Albany Research Center, Bureau of Mines, Albany, OR. 
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INTRODUCTION 

Nearly all of the bauxite ore used in 
domestic aluminum production is imported 
because there are no extensive domestic 
bauxite deposits, Although the fOleign 
supply is adequate for many years, it is 
desirable to devise technology for ob­
taining alumina (A1 2 0 3) from alternate 
resources in case of emergencies and also 
to discourage unwarranted price in­
creases. To address this problem, the 
Bureau of Mines has investigated pro­
cesses for extracting alumina from clay 
(4)4 and other domestic resources. The 
investigation described herein is among 
those in a Bureau program to obtain maxi­
mum recovery of mineral values from do-­
mestic reaources. 

One of the domestic resources for 
alumina is the oil shale deposits in the 
Piceance Creek Basin of Colorado. In 
addition to containing vast quantities 
of oil, some of these deposiLs contain 
the mineral nahcolite (NaHC03 ) and 
an alumina-bearing rrineral, dawsonite 
[NaAl(OH)2C03] (2, 5). It is estimated 
that a total resource of 29 billion tons 
of nahcolite (containing 10,7 billion 
tons of soda (Na20» and 19 billion tons 
of dawsonite (containing 6.5 billion tons 
of alumina and 4.1 billion tons of soda) 
are present in the oil shales of Colo­
rado's Piceance Creek Basin (1). This 
resource could supply domestic alumina 
needs for hundreds of years. (Domestic 
consumption of alumina in 1979 was about 
14 million tons.) 

There are some economic problems asso­
ciated with extraction of alumina from 
dawsonite-bearing oil shale. The per­
centage of extractable alumina is low, 
and as shown in figure 1, the deposits 
are deeply buried. Most of the extract­
able alumina originates from decomposed 
dawsonite. With an average dawsonite 
content of 10 to 12 pct, the extractable 
alumina content is only about 4 to 5 pct. 
However, if the costs for mining and 

4Underlined numbers in parentheses re­
fer to items in the list of references at 
the end of this report. 

retorting shale are charged to shale oil, 
the econolluc feasibility for alumina and 
soda ash extract10n would be improved-

There has been no commercial exploita­
tion of dawsonitic shale for oil, nahco­
lite, and alumina. However, the technol­
ogy for recovering nahcolite, alumina, 
and soda has been investigated on a samll 
scale. The D.S, Department of the Inte­
rior (2, 6), The Oil Shale Co" (TOSCO) 
(3), Multi~Minerals Corpc, and Superior 
Oil (11) have published procedures fer 
recovering values. Crushed shale is 
retorted to obtain oil-free (spent) shale 
that is leached with dilute base and 
filtered, and alumina trihydrate is pre­
cipitated from the solution. Sodium car­
bonate :cemaining in the solutions after 
precipitation of alumina trihydrate may 
be recovered by established crystalliza­
tion procedures. For deposits with higi 
nahcolite content, most of the more fri­
able nahcolite is recovered by physical 
separation from the smaller size frac­
tions in th-e- cTushed shale. However, 
much of the published information is 
qualitative and incomplete with respect 
to details for the development of a com­
plete process. 

There was a need for more quantitative 
information on the following: 

1. The effect of shale particle size 
on alumina and soda extraction; 

2. The effect of spent shale storage 
conditions, especially moisture, on alu" 
mina and soda extraction; and 

3. The extent of dissolution of un­
wanted impurities in dilute NaOH. 

With the availability of a 100-'ton sample 
of da'"sonite-bearing oil shale mined from 
the Bureau of Mines shaft at Horse Draw 
in the Piceance Creek Basin, the Bureau 
began a laboratory investigation to study 
the caustic extraction of alumina and 
soda as affected by retorting and leach­
ing variables. 
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FIGURE 1.0 South.,north diagrammatic cross section of the Green River Formation In Colorado's 

Piceonce Creek Basin (D. 
The general procecure f01 extracting 

alumina from oil shcle was described by 
Smith and Young (~). Raw shale is heated 
to produce shale oil, drive out the or­
ganic matter, and decompose the dawsonite 
to yield extractable alumina, When shale 
is heated to temperatures above 4500 C, 
the organic matter (kerogen) decomposes 
to produce shale oil. The dawsonite 
decomposes below 400 0 C according to the 
reacr.ion" 

2NaAl(OH)2 C0 3 + Al 20 3 + Na 2C0 3 

+ CO 2 + 2H2 0. 

Because about 90 pct of the original 
shale volume occupied by organic matter 
becomes void space, the spent shale is 
porous and easily broken into smaller 
pieces. The alumina released from the 
decomposition of dawsonite is easily 
extractable with dilute base. Both Smith 

(6) and Haas and Atwood 
that retorted shale be 

(3) recommended 
leached immedi-

ately and rapidly after retorting because 
some of the alumina will become insoluble 
in a weak base if exposed to moist air. 
Recovery of alumina from the leach liquor 
may be by precipitation of Al 20 3 '3H 20 
u?on addition of CO 2 , or possibly by 
seeding to crystallize AL 20 3 '3H 20 from 
supersatucated solutions. 

It appears that shale oil recovery is 
independent of shale particle size; 3- to 
6-in feed material can be retorted to 
obtain the same oil recoveries as those 
for smaller sized shale. On the other 
hand, optimum extraction of alumina with 
dilute base is obtained on much smaller 
sized spent shale. The published litera­
ture contains data on caustic leaching of 
a variety of sizes of spent shale, but 
the optimum size for maximum extraction 
is not known. 
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Furthermore, because spent shale is 
very friable and raw shale is not, grind­
ing costs would be lowered by grinding 
spent shale rather than raw shale. But 
grinding spent shale would result in 3 

time lag between retorting and leaching 
(unless a grinding leach is successful), 
and it would be a departure from the 
recommendation for "immediate and rapid 
leaching" of spent shale. It also may 
not be practical for other reasons to 
leach spent shale "illlJIlediately." There­
fore, it would be helpful to know mOLe 
precisely the conditions under which 
spent shale may be safely stored prior to 
caustic leaching to avoid losses in alu'­
mina extraction, and also the magnitude 
of losses after storage under a variety 
of potential storage conditions, 

Although Haas and Atwood (3) reported 
that Si02 dissolution could be-reduced to 
result in less than 0.03 pct in alumina, 

there "Jas a geIlp.ral lack of l.nformation 
on the extent of dissolJtion of other 
impurities in caustic leach liquor. Im­
purities should be kept low to avoid co~' 
tamination of cell-grade alumina and, 
possibly, aluminum metal. The allowable 
levels of undesirable impurities in cell­
grade alumina are about 0.025 pct Si0 2 , 
0.03 pct Fe203' 0 06 pct CaO, 0.005 pct 
Ti02 , and 0.001 pct P20 S (10). Phos·· 
phorus reduces cucrent efficiency during 
electrolysis of alumina in cryolite, and 
Si, Fe. and Ti reduce the electrical con­
ductivity of aluminum metaL 

Th~s report describes the results of a 
preliminary investigation to determine 
the effects of particle size, reto~ting 

temperature, and spent shale storage con­
ditions on (1) extraction of alumina and 
soda and (2) dissolution of the impur­
ities such as Ca, Fe, Ti, Si, and P in 
caustic leach liquor. 

MATEkIALS 

The dawsonite-bearing oil shale used in 
this study was part of a 100·'ton lot 
mined from the 2,100-ft level of the 
Bureau of Mines borehole at Horse Draw in 
the Piceance Creek Basin. Samples of a 
5-ton composite crushed to minus l"1/2-in 
size were crushed to smaller sizes for 
use in this study. The 1-1/2-in raw 
shale was reduced to 1/4 ino in a jaw 
crusher and ground further tc minus 8 
mesh in a cone mill. Further size reduc­
tions were made :1.n a harn.mer mill. 

A Fischer assay for the crushed oil 
shale is shown in table 1, and chemical 
analyses are shown in table 2. The anal­
yses in table 2 show that the raw shale 

contained about 12 pct dawsonite and 
essen-tially flO naflcoli'::e. The alumina 
extractable with hot HCl was equivalent 
to the dawsonite present. Contrary to 
observations by Smith (6), this shale did 
not contain detectable-amounts of nord·· 
strandite (A1 20 3 "3H 20), as indicated by 
chemical and X-ray diffraction analyses, 
Analysis of various size fractions of raw 
shale crushed to pass through an 8-mesh 
sieve showed that dawsonite was concen­
trated in the finest size fractions. 
X-Lay diffraction analyses showed that 
the minus 270-mesh size fraction con­
tained about 22 pct dawsonite compared 
with 12 pct in the bulk sample. 

TABLE 1. - Fischer assay for oil shale 

Yield of product Specific 
Screen size of sample, wt-pct gal/ton gravity Tendency 

mesh r'Oil Water Spent Gas + Oil Water of oil at to coke 
shale loss 60°/60° F 

8 by 10 ••••••••••••••• 13.3 1.7 78.0 7.0 35.6 4.1 0.898 Slight. 
Minus 65 •••••••••••••• 12.7 1.8 77.7 7.8 33.8 4.3 .901 None. 

NOTE.--Assay made by Laramie Energy Technology Center, U.S. Department of Energy, 
Laramie, WY. 



TABLE 2. Analysis of raw oil shale, 1 ~Jeight-percent 

Component 

A1 2 0 3 ················0. 
Na 2 0 ••••••••.•••••••••• 
CaO •••••••••••••••••••• 
MgO •••••••••.•••••••••• 
K 2 0 •••••••••••••••••••• 
Fe 2°3 •••••••.•••••••••• 
Si 02 ..........•...•••.• 
P 2°5 ••••••••.•••••••••• 
TiOL •••.••••.•••••••••• 
Water-soluble sodium ••• 
Nahcolite 3 •...••••••••• 
HC1-soluble sodium ••••• 
Dawsonite4 ••.•••••••••• 
HC1-soluble A1 20 3 •••••• 
A1 2 03 in dawsonite ••••• 
Excess A12 0 3 .•••••••••• 
NordstranditeS ••••••••• 

· ............ 
· ............ · ............ · ............ · ............ · ............ 
· ............ · ............ 
· .......... , .. · ............ · ............ · ............ · ............ · ............ · ............ 
· ............ 
· ............ 

----p;:T-

0.08 
.29 

2.0 
12.0 
4.2 
4.3 
- .1 

.0 

B C 
9.24 9.37 
3.26 3.17 
5.61 5.53 
3.63 3.64 
1. 94 2.01 
3.86 3.65 3.5-

36.8 37.0 
.53 .66 
·61 -53 

2.22 

4.80 

5 

D 
10.2 
3.0 
4.55 
3.12 
1.84 
4.5 

35.2 
.24 
_48 

LA, B, C, and D represent 4 dlfferent samples from a 5-ton compos-
ite from the 100-ton lot. 

2Via method used by Smith and Young (8). 
3Based on water-soluble sodium. 
4Based on HC1-soluble sodium. 
5Based on excess A1 20 3 • 

NOTE.--Blank spaces indicate no data. 

PROCEDURES 

Raw shale was crushed, then retorted to 
obtain spent shale that was leached in 
dilute caustic to extract alumina and 
soda. All filtrates were analyzed for 
alumina and soda, and some were analyzed 
for the unwanted impurities: Ca, Si, Fe, 
P, and Ti. Preliminary tests were made 
to determine which factors had a signifi­
cant effect on extraction and impurity 
dissolution. The factors included par" 
ticle size, retorting temperature, leach­
ing variables, and spent shale storage 
conditions. 

Subsequent tests were made on shale 
retorted at 450 0 to 800 0 C to determine 
the effect of influential factors at sev­
eral levels. 

RETORTING 

The crushed shale was heated in a 5-in-
00 stainless steel tube, shown in figure 

2, to drive out the shale oil and gaseous 
decomposition products. Retorting tem­
peratures of 500 0 and 700 0 C were used 
for the preliminary experiments and 
ranged from 450 0 to 8000 C in subsequent 
tests. A typical run consisted of the 
following sequence: 

1. Flush out the system with nitrogen. 

2. Heat to temperature in about 30 min 
in flowing nitrogen. 

3. Hold at temperature for about 50 
min. 

4. Cool to less than 75 0 C under ni­
trogen flow. 

Total run times ranged from 3 to 4 hr. 
The weight-percent of spent shale de­
creased with increasing retorting temper­
ature as shown in figure 3. 
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FIGURE 2. " Furnace assembly used to retort oil shale. 
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FIGURE 3. " Weight,percent of shale obtained 

by retort ing raw sha Ie at 450 0 to 800 n C 

SPENT SHALE STORAGE 

In the preliminary experiments, storage 
in nitrogen was obtained by evacuating 
one-pint mason jars in a glove box, back­
filling with dry nitrogen, and capping. 
Constant relative humidities (RH) of 0 or 
100 pct were maintained by storing spent 
shale in glass bottles in sealed mason 
jars containing a desiccant or water. 
The mason jars were stored in a refriger· 
ation unit at OO±lo C or in an oven at 
40o ±2° C. The samples stored for the 
preliminary tests were not stirred during 
the storage period. 



After it was found that there was no 
significant difference whether the shale 
was stored in nitrogen or air, spent 
shale was stored in air at 00±1° C, 
21°±2° C, or 42°±2° C in subsequent ex­
periments. In these later tests the sam­
ples with a bed depth of 1-1/2- to I-in 
thickness were mixed manually after being 
stored for 1 day and were mixed once each 
week thereafter. During mixing, the 
shale was exposed to room air at 21° C 
and 50 to 60 pct RH for 2 to 3 min, 

Solutions 
relative 
table 3. 

used to 
humidities 

maintain constant 
are listed in 

TABLE 3. - Materials and solutions 
used to maintain constant relative 
humidities 

Temp. , 
°c 

O •••• ~ 

21 •••• 

lliI-'-· , Material or saturated 
pct 

o 
25 
51 
76 

100 

aqueous salt solution 
CaS04 desiccant (Drierit;~ 
KC 2 H30 2 (potassium acetate). 
K2 C0 3 • 2H20. 
NaCl. 
Water. 

23 KC 2H3 0 2 (potassium acetate). 
55 Na2 Cr 20 7 ·2H20. 
75 NaCl. 

40.... 0 CaS04 desiccant (Drierite). 
100 Water. 

42.... 20 KC 2 H3 0 2 (potassium acetate). 
54 Na2Cr207·2H20. 
75 NaCl. 

--'I~R~e~f~e·~r-ence to specific brand names or 

manufacturers is for identification only 
and does not imply endorsement by the Bu­
reau of Mines. 

LEACHING 

Unretorted shale was leached with boil­
ing HCl to determine the amount of 
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acid-extractable alumina and soda. Minus 
65-mesh, 5-g s-3.mples were leached for 15 
min in 150 rnL of concentrated HCl diluted 
to 300 rnL. After the solution was cooled 
to room temperature and filtered, the 
residue was washed with 800 rnL of hot 
water. The filtrate was diluted to 1 L 
with distilled water and analyzed for 
alumina and soda. This method is similar 
to that used by Smith and Young (~). 

Percent extractions for alumina and soda 
from spent shale were based on consider· 
ing the acid··~xtractable amounts in raw 
shale as 100 pct. 

Retorted shale was leached with dilute 
NaOH to extract the alumina and soda. In 
most tests, spent shale samples obtained 
by retorting 25-g samples of raw shale 
were leached at room temperature (21° C) 
for 15 min in 80 rnL of 0.5N NaOH. The 
solution was mechanically stirred during 
leaching. After filtering, the residue 
was washed with 350 rnL of distilled 
water. The resultant filtrate was acidi­
fied with 200 rnL of concentrated (37 
wt-pct) HC1, then heated for an hour to 
agglomerate som~ high-~ulfur precipi­
tates. The cooled filtrate was diluted 
to 1 L and analyzed for alumina and 
soda. 

Both Smith (6) and Haas and Atwood (3) 
recommended that retorted shale be 
leached immediately and rapidly. The 
importance of rapid leaching was also 
shown in this study in one series of 
leaching tests on shale of two particle 
sizes, retorted at 500° C in duplicate. 
One sample of each size was leached imme­
diatly while being stirred in the normal 
manner. A second sample of each particle 
size was allowed to sit in stagnant 0.5N 
NaOH for about 35 min before stirring~ 
The alumina extractions were about 10 pct 
lower for the samples allowed to sit in 
stagnant caustic. 



8 

RESULTS OF PRELIMINARY TESTS TO DETERMINE INFLUENTIAL FACTORS 

Two preliminary 
to determine the 

experiments were made 
most influential fac-

tors on alumina and soda extraction and 

dissolution of impurities Ca, Si, Fe, P, 
and Ti. The factors considered at two 
levels in a 26 factorial design were--

1. Retorting temperature ••..••• , ••••.• 
2. Shale particle size ••••••.•.••.••••.•.• 
3. NaOH concentration •••••••••••..•••••••• 
4. Leaching temperature ••••••••••••••.••.. • 
5. Leaching time •.•••••••••••••••••••••••• 
6. Liquid-solid ratio ••••••••••••••••••••• 
7. Spent shale storage atmosphere •••••••• o 

8. Spent shale storage temperature •••••••• 
9. Spent shale storage time ••••••••••.•••• 

10. Spent shale storage humidity ••••••••••• 

500°, 700° C 
minus 8 plus 10, minus 65 mesh. 
0.3N, LON. 
25°-:- 65° C. 
5, 30 min. 
4, 10. 
nitrogen, air. 
0°, 40° C. 
1, 4 weeks. 
0, 100 pct RH. 

Factors 1 through 6 were considered in 
experiment I, and factors 1, 2, 7, 8, 9, 
and 10 were studied in experiment II. 
Summaries of the statistical evaluati~n 
of results for both experiments are shm-lO 
in tables 4 and 5. The relative effects 
of the factors on extraction are summar­
ized in table 6. 

For experiment I, the only significant 
factors were retorting temperature and 
particle size. Higher alumi na and soda 

extractions were obtained for shale 
ground to pass through a 65-mesh sieve 
and retorted at 500° C. Caustic con­
centration, liquid-solid ratio, leaching 
temperature, and leaching time had no 
significant effects within the limits 
tested. None of the six factors had a 
significant effect on the dissolution of 
impuri ties S1,. Fe, Ti, and P. Calcium 
dissolution was significantly lower for 
shale retorted at the lower temperature. 

TABLE 4. - Summary of the statistical evaluation of results for preliminary 
experiments I and II 

Extraction pct forl •••••••••.•••••• :..:..~rAI;o~I~-I_~~~ I Si0 2 P20 S I2iO~-
EXPERIMENT I (1/4 REPLICATE OF 26 FACTORIAL DESIGN)--...l...--

~-----------------------------Mean. • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • 62. 3 - 42. 2 0.011 0 .104 
Estimated standard deviation.......... 7.7 13.2 .005 .110 
Coefficient: 

Retort temperature.................. -4.9 -28.4 .007 .017 
Particle size2 •••••••••••••••••••••• 9.5 .5 .003 .011 
NaOH concentration.................. 3.8 1.2 .001 .047 
Leach temperature................... .2 2.6 .001 .030 
Leach time.......................... 2.7 2.3 .000 .010 
Liquid-solid ratio.................. 2.4 2.3 .000 .041 

EXPERIMENT II (1/2 REPLICATE OF-}b FACTORIAL DESIGN) 
Me an •••••••••••••••••••••••••••••••••• 49.5 

I 
21.2 0.013 0.089 

Es tima ted standard deviation •••.•.••.• 16 13 .006 .018 
Coefficient: 

Retort temperature •••••••••••••••••• -1.3 -16.5 .008 .025 
Particle . 2 

S 1 Z e •••••••••••••••••••••• 6.3 -2.3 .003 .004 
Storage ga s ••••••••••••••••••••••••• -.5 .9 -.001 -.003 
Storage temperature ••.•••••••••••••• -11.8 .6 -.003 .024 
Storage time •••••••••••••••• 0 ••••••• -3.3 -4,8 -.000 .000 
Relative humidity ••••.••••••••.•••••• -26.8 1.5 -.003 .032 

0.174 
.,44 

.079 

.102 

.118 
-'.129 

.109 

.093 

0.060 
.019 

-.025 
-.002 

.006 
-.000 

.000 

.005 

0.029 
.013 

-.007 
.003 
.000 

~.003 

-.003 

-
-
-

-

.005 

.035 
0023 

.003 

.007 

.003 

.004 
.007 
.006 

1Fe203 dissolut~on low, and <0.002 for all but 2 factors, retorting temperature and 
leaching temperature. 

LCoarse to fine, all others low to high. 
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TABLE 5. - Abbreviated analyses of variance for preliminary experiments I and II 

Source 
Ti0 2 x 10- 5 

Retort temperature., •• , ••• 1 381* 12,877* 827* 4,761 0.1006 870 
Particle size 3 • • • • • •• •.••• 1 1,434* 5 138 1,806 .1671 130 
NaOH concentration ••••.••• 1 233 23 5 35 .156 .2218 0 
Leach tempe ra ture •• • ••.••• 1 0 112 28 14,042 .2673 140 
Leach time ••••••••••••.••• 1 115 84 2 1,640 .1894 160 
Liquid-solid ratio •• • ••• • • 1 95 85 0 26,978 1888 220 
Residual •••••••••••• • ••••• 9 59 174 24 12,202 .1940 180 
Cri tical variance for , 

95 pct confidence ••••.••• I NAp 302 891 123 62,474 .99 920 
.6 E}PERIMENT II (1/2 REPLICATE OF 2 FACTORIAL DESIGN) L 

Retort temperature ••• •• ••• 1 51 8 705* 2,228* 20,000* 20,050* 205 
Particle size 3 •••••••••••• 1 1,286'; 166 270* 561 140 1,391 
Storage gas ••••••••••••••• 1 7 24 20 242 1,047 358 
Storage temperature •• •• .•• 1 4 496* 11 226* 18,915* 0 639 
Storage time ••••••••• •• ••• 1 341 724* 3 1 3 1,445 
Relative humidity ••••••••• 1 22,903* 68 259* 33,02Y 7r;0 1,116 
Residual •••••• 0 ••••••• • ••• 23 252 167 36 3,271 

I 

351 542 
Critical varic:.nce for 

I 
95 pct confidence •••••••• 

I 
NAp 1,079 715 154 14,000 1 052 2,320 

*Slgnificant effect at 95 pct confldence. NAp Not appllcable. 
2Fe203 dj.ssolution low, and <0.002 pct for all factors. 

'Degrees of freedom. 

3Coarse to fine, all others low to high. 

TABLE 6. - Relative effect of factors on extraction in preliminary experiments I and :1 

Effect of factor on--
Factor Experiment Extraction of-- Dissolution of--r---;--_. 

NazO Ca Si P Ti Fe Al Z0 3 
Retort temperature •••••••••••••• I Slight Great Great None None None None 

Do •••••••••••••••••••••• " ••••• II None Great Great Slight Great None None 
Particle slze ........ o ••••••••••• I Great None None None None None None 

Do •••••••.•••••••••••••••••••• II SEght None Slight None None None None 
Leaching: 

NaOH concentration •••••••••••• I None None None None None None None 
Tempe rature ••••••••••••• v ••••• I None None None None None None None 
Time •••••••••.•••••••••••••••• I None None None None None None None 
Liquid-solid ratio •••••••••••• I None None None None None None None 

Storage: 
Gas •• " •••••••••••••••••••••••• II None None None None None None None 
Temperature •••.••••••••••••••• II G-:eat None Slight Great None None None 
Time •••••••••••••••••••••••••• II None Slight None None None None None 
Relative h~midity............. II Great None Sl\ght Great None None None 

.-~------

General effects: 

Retort temperat'!_res.......... Increasing temperature............ Decreased NazO extraction. 
Increased Ca dissolution. 
Increased P dissolution. I 

Particle size ................ , Increasing particle siL.e.......... Decreased Al Z0 3 extraction. 

Storage temperature •••••••••• Increasing temperature •••••••••••• Decreased Al Z0 3 extraction. 
Decreased Ca dissolution. 
Increased Si dissolution. 

Storage time ••••••••••••••.•• Increasing time ••••••••••••••••••• Decreased NazO extraction. 

Storage humidity ••••••••••••• Increasing humidity •••••••••• , •••• Decreased Al Z0 3 extraction. 
Increased Si dissolution. 

Ip showed increase in experiment II but not in experiment I. 
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For experiment II, particle size, re­
torting temperature, and all of the spent 
shale storage factors except storage 
atmosphere had a significant effect. 
Storage in nitrogen or air made no sig­
nlficant difference. The more signifi­
cant effects from experiment: II 'tJere-'" 

1. Alumina extraction was 
duced when the finer sized 
stored in warm, moist air. 

greatly 
shale 

re­
was 

2. Soda ex~raction was lower for shale 
retorted at the higher temperature. 

I 00 .---------,--

3. The dissolution of impurities Ca 
and Si was variously affected by retort­
ing temperature, storage temperature, and 
storage humidity, as shown in table 6. 

4. The dissolution of impuritles Ti 
and Fe was low and not affected by any 
factors ,. 

Since experiment I showed no effects 
from the four leaching factors, subse­
quent extractions were made by leaching 
for 15 min wit h 0.5N NaOH at (oom temper­
ature at a liquid-solid ratic of 4. 

I 
I Q 

I--~~---I---'----o---~~----~~ _____ - Y -L x I ___ :lL: 
___ :2: 

° 

80 

60 

• 

!40~ 
o 20 
I-

KEY 
05-in-diam retoi't 
fl··· in-d iam retort 

U 
<[ 
0:: 
I-
X 
LL 

0 

90, 

° 
70 

50 
Na20 

30 " -3/8 -8 
-r 1/4

11 

+10 

I 

I 

I I 

__ ° ____ °_: __ ° __ ° __ ° _____ 4 
-10 
+14 

I 
-14 -20 -28 -35 

+20 +28 +35 +48 
PARTICLE SIZE, 

-48 -65 
+65 +100 
Tyler rnesh 

-100 -150-200 -270 
+ 150 +200 -4·270 

FIGURE 4 •• Effect of particle size on alumina and soda extraction with 0.5~ NaOH for shale 

retorted at 500° to 550°C. Soda extraction was not affected by particle size. The parallel lines 

in the lower graph mark the boundar ies of a band within which soda extract ions ranged. 
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~ESULTS OF SUBSEQUENT EXPERIMENTS 

Based upon the results of the prelimi­
nary experiments, subsequent tests were 
made to determine in greater detail the 
effects of particle size, retorting tem-· 
perature, and spent shale storage temper­
ature and humidity on extraction of 
alumina and soda and on dissolution of 
impurities. 

EFFECT OF PARTICLE SIZE ON ALUMINA AND 
SODA EXTRACTION 

The effect of particle size on alumina 
and soda extraction is shm<!n graphically 
in figure 4. These results for shale 
retorted at 500 0 to 550 0 C showed that 
shale size should be 28 mesh or finer to 
obtain maximum alumina extraction. Soda 
extraction was independent of particle 
size. 

EFFECT OF RETORTING TEMPERATURE ON 
ALUMINA AND SODA EXTRACTION 

The effect of retorting temperature on 
alumina and soda extraction is sUlIlIIlarized 
in table 7 ~nd shown graphica~ly in 

figure 5. The results obtained for shale 
retorted in the 5-in-~iam ~etort showed 
that alumina -=xtract:1':lll \-18.S highest and 
independent of retorting temperatures 
uet\-leen 450 0 and 650 0 Co Alumina extrac·­
~ion ~as slightly loue~ed fo= shale re­
~orted at 700 0 C and greatly lowered for 
shale retorted at 800 0 C. Soda extrac­
tions decreased with increase in retort­
ing temperature. 

The results obtained for the 1-in-diam 
retort did not agree with those obtained 
for the 5-in retort. Alumina extraction 
was definitely lowered and soda extrac­
tion was reduced to zero for shale re­
torted at 650 0 C, as shown in figure 5. 
The results for shale retorted in the l­
in retort agree more closely with that 
reported in the llterature. Becacse it 
was possible to control temperature more 
closely in the I-in retort, these re­
sults are probably more reliable. They 
indicated that shale should be retorted 
below 600 0 C to obtain maximum alumina 
extraction. 

TABLE 7. - Effect of reto·cting temperature on alumina and soda 
extraction for 28-rnesh shale and finer 

.-
Retort temp. , °C Shale size, Numbe r Extraction, pct 

Tyler mesh of tests A1 20 3 Na20 

5-in retort: 
500 ••...•.••...... Minus 35 •• 9 86.1± 1.9 73.5± 3.9 
600 •..••.•••••.•.. • •• do ••••• 7 86.1± 1.7 33.2± 8.1 
700 .••.••..• ;1 ••• ,. • •• d o ••••• 7 79.2± 2.4 10.7± 9.4 
800 ••••••••.•••••• · .. do •••.• 9 26. O± 11. 6 .0 

450 ................ Minus 28 •• 6 85.2± 9.1 80 ±33 
550 .••• . ...•.• • • • • • •• do •••• ., 6 86.2± 3.5 68 ±29 
650 ••••••••••••••• • •• do ••••• 5 86.1± 4.2 42 ±30 

I-in re tort: 
525 ••••••••••••••• Minus 270. 2 94.6± .2 58.5± 4.7 
550 ••••••••••••••• Minus 28 •• 4 95.8± 5.0 51. 9±20 
650 •••.......••. " • Minus 48 •• 4 78.5± 6.6 .0 
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FIGURE 5. D Effect of retorting temperature on alumina and soda extraction with O.5~ 

NaOH at room temperature. 

EFFECT OF RETORTING TEMPERATURE 
ON DISSOLUTION OF IMPURITIE,'3 

Ca, Si, P, Ti, AND Fe 

The effect of retorting temoerature on 
dissolution of impurlties, shown in 
table 8, indicated that CaO dissolution 
increased slightly with increased temper­
ature. Silicon dioxide dissolution was 
lowest for shale retorted at 700 0 C. 

EFFECTS OF SPENT SHALE STORAGE 
CONDITIONS ON ALUMINA 

AND SODA EXTRACTION 

Brief Expo~ure to Room Air 

One series of tests was made to deter­
mine the effect of exposing spent shale 

to room air for periods of less than 
1 hr_ Shale ground to pass through a 65-
mesh sieve waS retorted at 500 0 C, ex­
pos-e-ci to Loom air at 26 0 C and 50 pct RH 
for 5 or 45 min, and then stored in dry 
air (CaS04 , desiccant) at room tempera­
ture for periods of up to 72 hr. The 
results of three leaching tests (three 
samples stored for a cornmon period of 
time, one feom each of three retorting 
runs) were averaged to obtain the results 
listed in table 9. Alumina and soda 
extractions were generally independent of 
exposure times and subsequent storage 
time. However, they were slightly higher 
and more consistent for retorted shale 
exposed to room air for 5 min than for 
shale exposed for 45 min. 

TABLE 8. - Dissolution of impurities in 0.5N NaOH for shale retorted 
at various temperatures 

(Filtrate analysis, grams per liter) 

Retort temp. , "c Al 20 3 CaO Si0 2 P2 0S Ti0 2 I Fe 2 0 3 1 

MgO 
500 •............ ~ .. 12.3 0.075 0.087 0.075 o '. 0 1 2 I 0 • 0 1 2 NO 

9.9 " 112 .063 .087 •024
1 

.012 NO 
700 •••••••••••••••• 9.6 0300 .025 .024 .012 .012 NO 

8.6 .175 .012 .012 .012 .012 l~D 

800 •••••••••••••••• 4.75 .438 .050 .012 .012 .002 0"001 
3.80 .438 .050 .012 .024 1 .002 .001 

NO Not determlned. 



TABLE 9. - Effect of brief expos~re of 
spent shale to room ai~ on al~mina 
and soda extraction 

Storage 
~ime, hr 

S-min exposure 
before storage l 

A1 2 0 j > pet 

4S-min expvsure 
before s torage l 

o . .... .. . 89.8±1 . 6 86 0±4.9 
8...... 90.0±2.7 864±S.9 

24...... 89.9±1.8 87.S±4.6 
72 • • •••• ~ __ ~9=1~. 3~±~3~.~7~ __ ~ __ 9~1~.~1~±~1_,~6 __ __ 

Mean. 90.2±2.S 87 ,8±4.2 
Na ° EXTRACTION, pct L 

0-. -. -. -. -.. -,-------'---=5=9-. 0"'::"±- 3=-.---:3:----+--' 54 4 ± 2. 1 
8. • • • • • 62. 2± .1 

24 .... . . 59 . 2±3.2 
72.. .. .. 60.2±2.4 

Mean . 60 . 1±2 , 3 

S7,9±3,6 
5 {~ 6± 2.5 
55·9±3.2 
55 7±2.9 

Spent shale exposed to room air at 
26° C wiLh 50 pet RH, 

20ata are averages of t::!sts on samples 
from each of 3 ret:ortlng runs. R-19, 20, 
2L 

Sto~?ge H~rridity, Tempe rature ~ 
- - .. - . and Time -----

To determine the effects of spent shale 
storage conditions on alumina and soda 
extraction with O.SN NaOH fOi ~hala re­
torted at 500° C, a-series of 25-g sam­
ples of minus 28-mesh shale were re­
torted. Two samples from each of four 
retort runs were leached within a few 
hours after cetorting. The remaining 
samples were stoced for 2, 5, 12, and JO 
days at 0°, 21 0

, and 42° C at approxi,., 
mately 20, 50, and 75 pct RH, before 
leaching. The filt~ate from the leach" 
fngs was analyzed for alumina and soda. 
The test series for the stored samples 
consisted of an original set of 36 tests 
and a duplicate set. A different COm­
bination of storage temperature, relative 
humidity, and storage time was used for 
each test. 

Results for the eight samples leached 
without storage, listed in table 10, 
showed that the alumina and soda extrac­
tions for retorted shale before storage 
were 88.3±2.2 pet and 67.S±4.3 pct: 
respectively. The alumina and soda 
extractions for the samples leached after 
storage are lis ted in tables 11, 12, and 
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13 and the mean results ace shown graph­
ically in figures 6 and 7. Alumina and 
soda extractions for shale stored for 12 
iays at 21° C and 23 pct RH showed wide 
variations, as shown ~n the center graphs 
of figure 6" There was no apparent 
exoiana~lon fOe this discrepancy. 

TAELE 10, . Alumina and soda extraction 
fo~ retc~ted shale before storage 

-- .. 
Re LO '( t run Leach Extraction :, .-.P~ 

run Al?O l Na ?O 
R- SO •• ••• • • •••••• 210 86.7 64.0 

220 88.3 73.3 
R-S1 • • •• • • • • •• • • • 250 90 , 8 70.7 

260 86.7 66.7 
R-S2 ••• •••• • ••• •• 190 88.3 68.0 

, 200 85.0 61.3 
R-S3 • • •••• • • • •••• 230 91.7 72.0 

240 89.2 64.0 
Mean ............ NAp 88.3 67.5 
Stnd. dev . . . ... NAp 2.2 4.3 

NAp Not appllcable. 

TABLE 11 , - Effect af storage time and 
celative humidity on alumina and soda 
extractlon for shale retorted at 500 0 C 
and stored at 0 0 C, percent l 

Storage Al/O j Na?O 
time> days AL- B t-lean A B Mean 
25 pct RH: 

O •••••• (3 ) (3 ) 88.3 ( 3) ( 3) 67.5 
2 •••••• 88.3 90.8 89.6 73.3 74.7 74.0 
S •••••• 85.8 86.7 86.2 70.7 77.3 74.0 

12 •••••• 88.3 85.5 86.7 77.3 68.0 72.7 
30 •••••• 84.2 87.5 85.0 74.7 73.3 74.0 

51 pet RH: 
O ......... 

I 
(3 ) ( 3) 88.3 (3) ( 3) 67.5 

2 •• 0 (\ " • 89.2 ' 90.0 89.6 72.0 72.0 72.0 
5 •••••. 83.3 85.0 84.2 70.7 76.0 73.3 

12 •••••• 82.5 79.2 80.8 69.3 70.7 70.0 
30 •••••• 56.7 56.7 56.7 69.3 76.0 72.7 

76 pet RH: I 
I 

O •••••• ( 3 ) ( 3 ) 88.3 ( 3 ) ( 3) 67.5 
2 ........ 

I 

88 . 3 89.2 88.8 66.7 68.0 67.3 
5 ......... 82.5 70.0 76.3 68.0 70.7 69.3 

12 •••••• 60.8 39.2 50.4 73.3 69.3 71.9 
30 •••••• , 15.8 , 15.0 15.4 73.3 68.0 70.6 
1 Based on aCld extractables of 4,8 pct 

Al 20 3 and 3 pct Na200 
2A and B repLe3ent 2 diffetent samples. 
3See table 10 for extraction before 

stoeage. 
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TABLE 12. - Effect of s~orage time and 
relative humidity on alumina and soda 
extraction for shale retorted at 500 0 C 
and stored at 21 0 C, percent 1 

Storage AI 2 O, Na)O 
time, days AL- B Mean A B Mean 

. ---
23 pct RH: 

o •• 0 ••• (3 ) (3 ) 88,,3 (3 ) (3 ) 67.5 
2 , •..•• 8607 86.7 86,7 66.7 73.3 70.0 
5 •••••• 53.3 55.0 56.9 62.7 68.0 65.7 

12 •••••• 85.0 54.7 69.2 76.0 85.3 80.3 
3 O •••••• 65.0 82,5 73.9 69.3 74.7 70.0 

55 pct RH: 
O •••••• (3 ) (3 ) 88.3 (3 ) (3 ) 67.5 
2 •••••• 90.0 88.3 89.2 65.3 65.3 65.3 
5 •••••• 67.5 57.5 62.5 65.3 73.3 69.3 

1 2 ....... 37.5 29.2 33.3 69 .. 3 68.0 68.7 
30 •••••• 9.2 9.2 9.2 73.3 74.7 74.0 

75 pct RH: 
O •••••• (3 ) (3 ) 88.3 (3 ) (3 ) 67.5 
2 •••••• 84.2 84.2 84.2 69.3 70.7 70.0 
5 ••••• , 50.3 46.7 48.5 60.0 72.0 66.0 

12 •••••• 14.2 10.8 12.5 68.0 65.3 66.7 
30.,.0 ••• 3.3 5.0 4.2 44.0 8L3 66.7 
lBased on aCld extractables of 4.8 pct 

Al 20 3 and 3 pct Na20. 
2A and B represent 2 different samples. 
3See table 10 for extraction before 

storage. 

As seen in figure 6, soda extraction 
was independent of all sto~age condi­
tions. The mean value for all 72 stored 
samples was 70.7±5.6 pct, compared with 
67.5±4.3 pct for the 8 samples without 
storage. That soda extractions were in­
dependent of storage conditions suggests 
that soda was not associated with the 
alumina that became insoluble during 
storage. 

Alumina extraction decreased with in­
creased relative hunidity (fig. 6). 
There was a big decrease in alumina ex­
traction when the relative humidity was 
increased from 25 to 50 pct. Since no 
tests were made on shale stored in air 
between 25 and 50 pct RH, there could be 
a threshold relative humidity above 25 
pct but below 50 pct that has a negligi­
ble effect on alumina extraction.. The 
decrease in alumina extraction with an 
increase in relative humidity was accen­
tuated by increased temperature. 

TABLE 13, - Effect of storage time and 
relative humidity on alumina and soda 
extraction for shale retorted at 5000 C 
and stored at 42 0 C, percent 1 

Storage Al 2 0 1 Na )0 
time, days AL B Mean A B M ean 
20 pct RH: 

._f-. 

O •••••• (3 ) (3 ) 88.3 
2 •••••• 89.2 90.,8 9000 
5 •••••• 83.3 85.0 84.2 

12 •••••• 82.5 80.0 81.3 
30 •••••• 81.7 80.8 81.3 

54 pct RH: 
O •••••• (3 ) (3 ) 88.3 
2 •••••• 67.5 68.3 67.9 
5 •••••• 29.2 30.8 30.0 

12 •••••• 11. 2 8.7 10.0 
30 •••••• 4.2 2.5 3.4 

7S pct RH: 
O •••••• (3 ) (3 ) 88.3 
2 ••••• • 48.3 45.8 47,·1 
5 •••••• 10.0 11· 7 10.8 

12 •••.•• 3.7 3.6 3.6 
30 •••••• 1.7 1.7 1.7 

(3 ) ( 3 ) 
70.7 65.3 
66.7 72.0 
69.3 66.7 
77 .3 78.7 

(3 ) (3) 
69.3 74.7 
69.3 69.3 
72.3 62.,7 
74.7 72.0 

(3 ) ( 3 ) 
72 0 73.3 
70.7 66.7 
78.7 69.3 
69,3 82.7 

6 
6 
6 
6 
7 

6 
7 
6 
6 
7 

6 
7 
6 
7 
7 

7.5 
8.0 
9.3 
8.0 
8.0 

7.5 
2.0 
9.3 
7.5 
3.3 

7.5 
2.7 
8.7 
4.0 
6.0 

1 
----:--

Based on aCld extractables of 4.8 pct 
Al 20 3 and 3 pct Na20. 

~A and B represent 2 different samples. 
3See table 10 for extraction before 
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FIGURE 6. - Effect of storage time and relative 

humidity on alumina and soda extraction for shale 

retorted at 500" C, stored at 0 I 21', and 42" C, ard 
leached with 0.5~ NaOH at 21 r C. 
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FIGURE 7. Effect of storage time, temperature, and relative humidity on alumina extraction 

for sha Ie retorted at 500 0 C and leached with 0.5N NaOH at 21 () C. 

Some of the data in f~gure 6 were re­
plotted in figure 7. The results indi­
cated that alumina extraction for shale 
stored in air at 20 to 25 pct RH was in­
dependent of scorage temperature and 

st:o.cage time. However, for samples 
stored at 50 and 75 pct RH, alumina ex­
trdction was greatly lowered with in­
creased storage temperature and sto~age 
time. 

DISCUSSION OF RESU~TS 

Significant variations in alumina con­
centration were observed in the different 
size fractions of crushed raw shale. 
This is because extractable alumina 
originates from dawsonite, which was 
found to be concentrated in the flner 
size fractions of crushed raw shale, 

Shale retorted at 500 0 to 550 0 C in a 
5-in-diam retort was leached to obtain 
maximum extractlons of 90 pct Al 2 0 3 and 
70 pct Na20. These alumina extractions 
were lower than the extractions of 
greater than 100 pet repo~ted by H2as and 
Atwood (3). Some of this difference may 
be due to the presence of moisture in the 
5-in retort during cooling, which could 
reduce the amount of extractable alumina 
in the shale. This possibility was based 
on observations made in the earliest 
retorting tests, together with the re­
sults for shale retorted in a l-in-diam 

retort. For shale retorted in the I-in 
retort, in which dry conditions were ob­
tained 8.nd maintained during cooling, 
alumina ext raction viaS 90 to 95 pct 
(table 7). 

PARTICLE SIZE 

Tests made on narrow size fractions of 
shale ranging from 3/8 in to minus 270 
mesh showed that particle size had no 
effect on soda extraction and dissolution 
of impurities, but had a significant 
effect on alumina extraction. Maximum 
alumina extractions were obtained on 
shale finer than about 28 mesh. For par­
ticles larger than 28 mesh, alumina 
extraction decreased linearly from 88 pct 
for minus ?8-mesh shale to 68 pct for 
minus 8- plus 10'lllesh shale. Because of 
the porous nature of retorted shale, such 
lowering of extraction with increase in 
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particle size might not be expected. A 
possible explanaticn could be related to 
the fact that maximum extractions are 
obtained by prompt and ~~id leaching­
When larger size partIcles are leached 
the leach2nt may not be able to penetrate 
and leach coarser particles as rapidly as 
moisture (in the form of vapor 0-­

reagent-depleted liquid) penetrates and 
reacts to inactivate the alumina in the 
interior of the particles. The lowering 
in alumina extraction observed for shale 
allm'led to sit ::"n stagnant NaOH be­
f(',,--e stirring E:eems pertinent to this 
explanati.on. 

RETORTING TEMPERATURE 

Maximum alumina extractions for shale 
retorted in the 5-in retort wece for a 
temperature range of 450 0 to 650 0 c­
However, for shale retorted in the I-in 
retort, maximum aluffiln8 extractions were 
obtained for shale retorted at or below 
5500 C, but not for shale retorted at 
650 0 C (fig. 5). Results obtained for 
the 1-in retort were compatible with 
those reported by Smith and Young (9), 
who recommended that dawsonite···bearing 
shale should not be retorted above 
5500 C. Smith and Young believed that 
retorting shale ato~e 600 0 C lowered 
alumina extraction because of the for­
mation of insoluble alumina-containing 
glasses. The discrepancy in alumina 
extraction for shale from the 5- and I-in 
retorts suggested that the effective tem­
perature within the mass of the sample in 
the 5-in retort may have been as much as 
500 C lower than the indicated tempera­
ture. Although the thermocouple used to 
monitor the shale temperature was located 
in the center of the shale charge in 
accord with temperature calibration runs, 
it is possible that the SO-min hold times 
may have been insufficient for the en­
tire shale charge to attain a uniform 
temperature. 

Soda extraction decreased very sharply 
with increased retorting temperature. 
The decrease in caustic-soluble soda for 
shale retorted above 600 0 C has been 
attributed to the reaction of Na2C03 to 
form glassy silicates. However, there 

was no apparent explanation fo~ ~h~ 1e­
crease in soda extraction fo~ shale 
retorted between 450 0 and 600 0 c. 

Dissolution of Fe, Ti, and P ~Q 0.5N 
NaOH at room temperature was low and 
not affected by retorting temperature 
(table 8). Dissolution of Si0 2 was 
slightly affected by retorting tempera­
ture; the lowest amount was for shale 
retorted at 700 0 C and the highest for 
shale retort~d at 500 0 C Because all 
leaching was done in glass vessels, the 
Si02 dissolutions could be high. Dis­
solution of calcium was increased with 
increase in retorting temperature. 

RETORTED SHALE STORAGE CONDITIONS 

The effect of added exposuce of shale 
to moist room air during periodic mixing 
could be of concern" If the added expo­
sure were significant, it would have 
affected the samples stored at 0 0 C. 
However, the high extractions for samples 
stored fo~ 30 days at 0 0 C and 25 pct 
RH indicated that these results were rea­
sonable and not affected by shOTt-time 
exposure to room air during periodic 
miXing. 

A good correlation was obtained between 
log alumina extraction and storage time 
and relative humidity for spent shale 
stored at 0 0 C. The equation for the 
best fit curve was 

1n y '" 4.388 + 0.0345D + 0.00327H 

- O .. OOI2l(D) (H), 

in which y Al L0 3 2xtraction, in pct; 

D Storage time» in days; 

H Storage relative humidity, 
in pct. 

Similar treatments of extraction data for 
shale stored at 21 0 C and 42 0 C did not 
yield as good a fit as the 0 0 C data, but 
the results of these correlations were 
used to estimate the maximum relative 
humidities at 88 pct Al L0 3 extraction, 
These best f~t relative humidity values 



TABLE 14- - Estimated maximum humidit~s 
to obtain maximum alumina extraction 
of 88 pct for spent shale stored for 
2 and 30 days at 0°, 21°, and 42° C 

Maximum pct RH during 
storage to maintain 

Storage Storage maximum Al 20 3 extraction 
temp. , time, of 88 pct 

°c days -From From 
best experimental 
fitl data2 

O ••••• 2 50 >76 
30 28 >25, <51 

2 1 ••••• 2 30 30 
30 20 <23 

42 ••••• 2 25 >20, <54 
30 16 <20 

1 1-From bes_ flt curves of 
extraction versus storage 
humidi ty. 

log Al 20 3 
time and 

2From tables 11, 12, and l3. 

are listed in table 14 and compared with 
experimental data to show fairly good 
agreement. These best fit values indio 
cated that spent shale could be stored 
for 30 days without significant losses in 
alumina extr~ction if shale were stored 
at less than 28 pct, 20 pet, and 16 pet 
RH at 0°, 21°, and 42° C, respectively. 

Humidity control could be a problem if 
proper precautions are not taken when 
spent shale stored at ambient temperature 
undergoes natural fluctuations in temper­
ature during the course of a 24-hr day. 
Winter and summer temperature extremes in 
1980 in Grand Junction, CO, occurred in 
January and July: 

January.... 14° F (-10° C) at 75 pct RH. 
51° F (10° C) at 80 pct RH. 

July... •••• 56° F (l3 0 C) at 48 pct RH. 
100° F (38° C) at 21 pct RH. 

In summer, if retorted shale were stored 
at ambient temperature during the heat of 
the day at 38° C and 21 pct RH, then 
allowed to cool to 20° C at night, the 
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FIGURE 8. - Vapor pressure of water at varI­

ous temperatures and relative humidities. 
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C 

c 

stagnant air at 20° C would have a rela­
tive humidity of 59 pct (fig. 8). On a 
winter day, if shale stored at 10° C and 
80 pct RH were allowed to cool to 6° C, 
it would be below its dewpoint. This 
suggests that spent shale could not be 
stored in the open air without a good 
probability of sacrificing significant 
alumina extraction. It is possible that 
spen~ shale stored in big piles would be 
less subject to the action of humidity. 

The optimum storage temperature would 
be one that could be most easily kept 
constant to avoid fluctuations in rela­
tive humidity. Storage of spent shale at 
20° to 25° C in air with less than 20 pct 
RH would be a convenient storage condi­
tion for shale destined for subsequent 
caustic extractions at 25° C. 
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SUMMARY AND CONCLUSIONS 

Crushed shale retorted at 450 0 to 
800 0 C to obtain spent shale was leached 
in dilute NaOH to determine the effect of 
particle size, retorting temperature, 
leaching variables, and spent shale stor­
~ge conditions on extraction of alumina 
and soda and dissolution of Ca. Si, Fe, 
Ti, and P. 

The findings were in general agreement 
with those reported in the literature. 
The factors that had significant influ­
ence on alumina and soda extraction were 
retorting temperature, particle size, and 
spent shale storage conditions (relative 
humidity, temperature, and time); 

Increasing ret::ort temperature •••••• ".... Decreased A1 20 3 extt'8ction 
(above 650 0 C). 

Decreased Na20 extraction. 
Increased Ca dissolution. 

Increasing particle size ••••••••••. ,..... Decreased Al 20 3 extraction. 
Increasing storage temperature".,........ Decreased Al 20 3 extraction. 

Decreased Ca dissolution. 
Inc~cased Si dissolution. 

Increasing storage time •••••••• o • o ••••••• 

Increasing storage humidity •••••••••••••• 
Decreased Na 20 extraction. 
Decreased Al 20 3 extraction. 
Increased Si dissolution. 

Tests made on shale retorted at 450 0 to 
800 0 C showed that increasing retorting 
temperature had a great effect on lower­
ing soda and alumina extraction and a 
slight effect, if any, ~n the dissolution 
of impurities. Maximum soda extraction 
was obtained for shale retorted at the 
lowest temperatures. Maximum &lumina 
extractions were obtained for shale 
retorted at temperatures below 600 0 C. 
Alumina extractions for shale retorted at 
650 0 C and 800 0 C were 80 pct and 26 pct, 
respectively. Dissolution of Fe, Ti, and 
P was low and not affected by retorting 
temperature. 

Variations in particle size had no 
effect on soda extraction and dissolution 
of impurities. Alumina extraction de­
creased for particles larger than 28 
mesh, from 88 pct for minus 28-mesh shale 
to 68 pct for minus 8- plus lO-mesh 
shale. 

A comparison of the effects of the fol­
lowing levels of leaching factors showed 
that varying the levels had no signifi­
cant effect on extraction of alumina and 
soda and dissolution of impurites Ca, Si, 
Fe, Ti, and P: 

L NaOH concentrations of 0.3N and 
1.ON. 

2. Leaching temperatures of 25° and 
65° C. 

3. Leaching times of 5 and 30 min. 

4. Liquid-solid ratios of 4 and 10. 

Leaching tests made on retorted shale 
stored for periods of up to 30 days at 
various temperatures and relative humidi­
ties showed that--

1" Alumina and soda extraction and 
dissolution of impurities were the same 
for shale stored in nitrogen or air. 

20 Alumina extracti0n was 10f"ered by 
increased storage temperature, storage 
humidity, and storage time. 

3. Dissolution of P, Ti, and Fe was 
unaffected, but dissolution of Ca and Si 
was affected by storage temperature anc 
humidity, 



The raw shale used in this work yiel~ed 
13 pct oil (35 gal/ton) and contained 12 
pct dawsonite. Approximately all of the 
HCl-soluble alumina and soda was con­
tained in dawsonite. Of the 9 to 10 pct 
total A1 2 0 3 and 3 pct Na20 equivalents 
present in raw shale, 4.5 to 5 pct A1 2 0 3 
and 2.8 pct Na2U were extractable with 
hot HCl. Portions of the alulJlina and 
soda thdt were insoluble in hot HCl are 
believed to be tied up as sodium and 
potassium feldspars and illite clay (~). 

None of these minerals are decomposed 
when reto~ted to yield caustic-soluble 
alumina and soda, The ~austic-soluble 

qlumina and soda are app~oximat~ly ~quiv~ 
alent to the amount released by the de­
composition of da'flsonite ~'Jhen retorted. 
Cauftic extraction percentages were based 
on conside~ing the acid-extractable val­
ues as 100 pct. Approximately 90 pct and 
70 pct of the acid-extractable alumina 
and soda, respectively, were extractable 
with weak caustic. Of the 9 to 10 pct 
total Al~03 and 3 pct total Na20 equiv­
alents present j_n raw shale, then, 4.05 
to 4.5 pct A1 2 0 3 and 2 pct Na 20 were 
extracted f~om the spent shale with 
caustic. 

This investigation showed that maximum 
alumina and soda extractions were 

obtained by a 0.5N NaOH leach 
28-mesh spent shale-obtained by 
dawsonite--bearlng oil shale 
500 0 C, the lowest temperature 
with optimum oil recovery, 
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of minus 
re t orting 
at about 

compatible 

Dawsonite-bearing oil shale retorted at 
500 0 C can be leached with 0.5N NaOH to 
routinely extract about 90 pct of the 
acid-extractable soda. Although they may 
be difficult to achieve on a practical 
basis, alumina extractions greater than 
95 pct seem probable if spent shale is 
not exposed to moisture and is leached at 
a rapid rate. 

If spent shale can be stored in rela­
tively dry air, alumina extractions of 90 
pct can be maintained. The maximum rela­
tive humidities for suitable storage were 
estimated to be 28, 20, and 16 pct at 
storage temperatures of 0 0

, 21 0
, and 

42° C, respectively. These humidity and 
temperature requirements indicate that 
significant losses in alumina extraction 
would occur if spent shale were stored in 
ambient Colorado air and allowed to fluc-
tuate naturally 
humidity, 

in temperature and 
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